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Research on quantum magnetism with ultra-cold gases in optical lattices is expected to open
fascinating perspectives for the understanding of fundamental problems in condensed-matter physics.
Here we report on the first realization of quantum magnetism using a degenerate dipolar gas in an
optical lattice. In contrast to their non-dipolar counterparts, dipolar lattice gases allow for inter-
site spin-spin interactions without relying on super-exchange energies, which constitutes a great
advantage for the study of spin lattice models. In this paper we show that a chromium gas in a
3D lattice realizes a lattice model resembling the celebrated t-J model, which is characterized by
a non-equilibrium spinor dynamics resulting from inter-site Heisenberg-like spin-spin interactions
provided by non-local dipole-dipole interactions. Moreover, due to its large spin, chromium lattice
gases constitute an excellent environment for the study of quantum magnetism of high-spin systems,
as illustrated by the complex spin dynamics observed for doubly-occupied sites.
PACS numbers: 03.75.Mn , 67.85.Hj , 37.10.Jk , 67.85.Fg
The study of quantum magnetism is of utmost impor-
tance for the understanding of a variety of modern ma-
terials with strong correlations [1]. Cold atoms loaded
in periodic optical potentials provide a new platform for
the investigation of quantum magnetism that presents
several important interesting features, such as the ab-
sence of unwanted disorder, and the possibility to tune
the inter-particle interactions [2]. This results in a well
defined Hamiltonian correctly describing the system. For
this reason, there has been in recent years a huge interest
towards using atoms in optical lattices as quantum sim-
ulators for various theoretically intractable many-body
problems [3], relevant for phenomena such as high-Tc su-
perconductivity.
Dilute atomic gases possess specific properties which
result in qualitatively novel physics compared to that
of electrons in solids. In particular, atoms may carry a
larger spin s > 1/2 provided by their internal structure,
which results in an exceedingly rich phenomenology [4, 5].
In particular, atomic gases in optical lattices allow for the
realization of quantum magnetism with s > 1/2, which
results in a wealth of novel quantum phases, as spin ne-
matics [6], color superfluidity [7], or chiral spin liquids [8].
Dipolar gases, which may be realized either with mag-
netic atoms [9–13] or with polar molecules [14–17], open,
due to the peculiar long-range anisotropic nature of the
dipole-dipole interactions (DDIs), fascinating possibil-
ities for the engineering of models of quantum mag-
netism [18–23]. In non-dipolar gases, contact interac-
tions do not couple atoms belonging to different lattice
sites, and hence an effective inter-site spin exchange can
only result from tunneling-assisted super-exchange pro-
cesses. As a result, effective spin-spin interactions are
typically very weak (∼ 1 Hz)[24]. In contrast, the long
range DDIs provide a direct inter-site spin-spin coupling
[25, 26] which hence becomes independent of tunneling.
Moreover, inter-site spin coupling becomes significantly
larger (∼ 20 Hz for the case of our chromium exper-
iments) easing the constraints to study quantum mag-
netism within the time scale set by the coherence time.
This paper pioneers, to the best of our knowledge, the
experimental realization of quantum magnetism with a
degenerate dipolar gas in an optical lattice. We study
the particular case of 52Cr bosons, a system that pos-
sesses not only unusually strong magnetic DDIs, but a
large spin (s = 3) as well, and hence allows for the inves-
tigation of the rich physics expected for high-spin lattice
gases. Our experimental results on spin dynamics reveal
for the first time spin exchange between different lattice
sites mediated by the DDIs. We first explore the case
with maximally one atom per site, where spinor dynamics
is purely provided by inter-site DDIs, and may be well de-
scribed by a model resembling the well known t-J hamil-
tonian, a fundamental model of quantum magnetism [1].
We then investigate the scenario where two atoms may
occupy the same site, in which the interplay between con-
tact and dipolar interactions lead to a rich spin exchange
physics characterized by two markedly different coherent
spin oscillations. Whereas on-site contact interactions
lead to fast spin oscillations at short-time scales, coher-
ent oscillations of a much lower frequency are observed
at longer times. We show that the latter disappear when
a magnetic field gradient is applied, hence demonstrating
that slow coherent oscillations result from DDIs between
doubly occupied sites.
The DDI between two atoms having a dimensionless
2FIG. 1: Principles of Non-equilibrium quantum magnetism in a dipolar lattice gas. (A) Bosonic chromium, 52Cr, possesses a large
spin s = 3, and hence presents 7 possible Zeeman substates, ms = −3, . . . 3. In our experiments, only ms = −3, −2, −1 and 0 play a relevant
role. (B) As indicated in the text, we load an initial BEC into a deep 3D lattice in the Mott regime. Due to the overall harmonic confinement, a
central core is formed with doubly occupied sites, surrounded by singly-occupied sites. (C) The atoms are initially prepared in ms = −3. Since
spin relaxation cannot occur due to the external magnetic field applied, no spin dynamics may occur if all atoms are in this state. We initiate
the spin dynamics by transferring the atoms into ms = −2. Singly-occupied sites may undergo spin-exchange only through inter-site dipole-dipole
interactions. (D) In contrast, doubly occupied sites may present both on-site and inter-site spin-exchange. As shown in the text, on-site exchange
is responsible for fast short-time (∼ 200 µs) spin oscillations, whereas inter-site spin-exchange between doubly-occupied sites results in slow spin
oscillations at a longer time scale (∼ 3 ms).
spin Si is described by the Hamiltonian:
Hˆd = d
2 Sˆ1 · Sˆ2 − 3(Sˆ1 · rˆ)(Sˆ2 · rˆ)
4pir3
, (1)
where d2 = µ0(gµB)
2 (µ0 being the magnetic permeabil-
ity of vacuum, g the Lande factor, µB the Bohr mag-
neton), and rˆ = r/r with r = r1 − r2 the interatomic
separation. The Hamiltonian (1) includes magnetization
changing terms, which may crucially modify the spinor
physics by introducing free magnetization [27], and an
intrinsic spin-orbit coupling [28, 29]. However we have
recently shown that these terms have a resonant charac-
ter in a 3D lattice, and therefore are strongly suppressed
at a low enough magnetic field B [30]. In this case, con-
sidered throughout this paper, the spin projection along
the B field is conserved, and hence only Ising and ex-
change terms play a role. As a result, the hamiltonian
of eq.(1) can be reduced to an affective hamiltonian [31],
with a Heisenberg-like form [1]:
Hˆeffd =
d2
4pir3
(
1− 3z
2
r2
)(
Sˆ1zSˆ2z− 1
4
(
Sˆ+1 Sˆ
−
2 +Sˆ
−
1 Sˆ
+
2
))
(2)
with z the relative coordinate along the B field. The
experiments detailed below reveal the spinor dynam-
ics induced by inter-site spin-spin interactions of this
Heisenberg-like form, showing that a chromium gas
loaded in a 3D lattice provides an interesting platform
for the analysis of quantum magnetism.
In our experiment, we first create a chromium Bose-
Einstein condensate (BEC) in a crossed-beam optical
dipole trap as described in Ref. [10]. The condensate,
comprising about 104 atoms polarized in the absolute
ground Zeeman state ms = −3, is confined at the bot-
3tom of a harmonic trap with frequencies (ωx, ωy, ωz)
= 2pi × (400, 550, 300) Hz, within a magnetic field of
B = 10 mG. The BEC is loaded adiabatically in a 3D
optical lattice, generated using 4 W of a single-mode
laser with wavelength λ = 532 nm. The 5 beams
architecture of our anisotropic lattice is described in
[30]. It consists of a rectangular lattice of periodicity
λ/2× (1, 1/ sin(pi/8), 1/ cos(pi/8)) along x, y, z directions.
The lattice depths in each direction are calibrated using
Kapitza-Dirac diffraction [32] for pairs of beams, leading
to a maximum of 30 ER (with ER = h
2/2mλ2 the re-
coil energy). In this paper (unless stated otherwise) we
work at such lattice depth, which corresponds to lattice
band gaps (ωLx , ω
L
y , ω
L
z ) = 2pi × (100, 55, 170) kHz. For
our experimental parameters, the predicted ground state
is then a Mott state made of a central region with dou-
ble occupancy surrounded by a single occupancy shell.
The superfluid to Mott-insulator transition is reached at
about 12ER [33]. Although the lattice geometry is com-
plicated by its anisotropy [30], and we do not expect a
fully adiabatic crossing towards the Mott state, the 30 ms
loading time allows to remain close to the ground state.
This is confirmed by adiabatically ramping down the lat-
tice at the same speed, in which case a BEC with only few
excitations is recovered. The lattice band gaps are much
larger than any other energy scales in the system (in-
teractions, temperature, Zeeman shifts), and hence the
atoms remain confined in the lowest energy band of the
lattice.
FIG. 2: Long term spin dynamics. The ratio between two Zeeman
spin components is plotted as a function of time. For this specific data,
the lattice depth corresponds to lattice band gaps of (ωLx , ω
L
y , ω
L
z ) =
2pi × (130, 55, 150) kHz. Experimental results are shown for singlons
only (red diamonds) and for singlons plus doublons (black diamonds).
Error bars show statistical uncertainties. The two dynamics show the
same trend after 10 ms. The black line is a guide for the eye. The
colored line are results of our simulation for spins 3 on a 3×3 plaquette,
for three different quadratic effects, and tunneling rates J(x,z) = (11, 3)
Hz (deduced from lattice calibrations).
To demonstrate the existence of inter-site spin ex-
change, we selectively remove atoms which share a same
site by inducing dipolar relaxation at high B field (> 300
mG). Atoms are first transferred to the highest energy
Zeeman state, which induces losses selectively for doubly
occupied sites as the released energy is larger than the
lattice depth [30] (see Methods). We then transfer the
remaining atoms, all belonging to sites with single oc-
cupation (singlons), to the lowest energy Zeeman state
(ms = −3) and lower the B field to 10 mG. After this
preparation the system consists of a shell of about 4000
singly occupied sites close to unit filling. We initiate
spin dynamics by transferring atoms to ms = −2 (see
Supplementary Material S1), with an efficiency of up to
80%. We then let the spin populations evolve and make
a Stern-Gerlach analysis after a given time t to measure
the different spin populations.
Populations in states ms = −3,−2,−1, 0 evolve as a
function of time in a typical time scale of 10 ms while
the magnetization remains constant within error bars.
To maximize signal to noise ratio, we plot the ratio of
populations in ms = −3 and ms = −2 as a function of
t in Fig. 2. Given that no site contains more than one
atom, the observed spin dynamics is necessarily the prod-
uct of an inter-site spin exchange process. In particular,
we stress that at our lattice depth tunneling producing
double occupancy is strongly suppressed by the on site
contact interactions (≃ 10 kHz) and any associated spin
exchange process has a rate below 0.1 Hz (set by superex-
change interactions [24]), incompatible with our observa-
tions. The spin dynamics shown in Fig. 2 is therefore a
direct demonstration of dipolar inter-site spin exchange.
The spin dynamics of the singlon gas may be well un-
derstood from a 2D t-J-like Hamiltonian [1]. The 2D
assumption is well justified due to the anisotropy of the
lattice spacing, which is basically equal along x and z
but approximately 3 times larger along y. The t-J-like
Hamiltonian acquires the form:
Hˆ = −
∑
〈i,j〉,ms
Ji,j bˆ
†
i,ms
bˆj,ms + q
∑
j,ms
m2snˆj,ms
+
∑
i,j
Vi,j
(
Sˆzi Sˆ
z
j −
1
4
(
Sˆ+i Sˆ
−
j + Sˆ
−
i Sˆ
+
j
))
(3)
Here 〈. . .〉 denotes nearest neighbors, bˆj and bˆ†j the
bosonic annihilation and creation operators of particles
at site j = (jx, jz) with spin projection ms, nˆj,ms =
bˆ†j,ms bˆj,ms , and nˆj =
∑
ms
nˆj,ms . The hard-core con-
straint, nj = 0, 1, is justified by the large on-site contact
interaction associated to doubly-occupied sites. Hopping,
characterized by the rate Ji,j , is however possible due to
the presence of residual empty sites. Estimated tunneling
rates along the (x, z) directions are (11,3) Hz [34]. We in-
clude as well the effect of a residual quadratic light shift,
which introduces a spin-dependent energy for the singly
4occupied sites qm2s. This shift may significantly hand-
icap inter-site spin-changing collisions. Interferometric
measurements (see S4) provide an upper value of 25 Hz
for q/h. Singly-occupied sites interact with each other
through the Heisenberg-like interaction (2), where the
coupling constants Vij are evaluated taking into account
the spatial extension of the on-site wave function, as dis-
cussed in the Supplementary Material (S2). We have an-
alyzed the exact quantum dynamics of the many-body
system for a 3 × 3 plaquette using exact diagonaliza-
tion employing periodic boundary conditions. In order
to evaluate the effect of the motion of residual holes left
behind in the preparation process, we consider among
the singly occupied sites one hole, initially localized at
one site. We find that hopping, although not fully negli-
gible, does not play a major role in our experiment, due
to the rather strong lattice employed. As shown in Fig.
2 the results of the plaquette calculation for q/h ≃ 15 Hz
are in very good agreement with our experimental data,
confirming that the observed spin dynamics results from
the Heisenberg-like interactions in eq.(3).
FIG. 3: Fast spin exchange dynamics due to contact inter-
actions. The experimental evolution of the different spin components
shows damped oscillations. For this specific data, the lattice depth
was reduced, corresponding to lattice band gaps of (ωLx , ω
L
y , ω
L
z ) =
2pi×(100, 50, 145) kHz. The value of the pseudo period forms = −3,−2
is in good agreement with theory. Full lines are results of fit with
damped exponentials.
We now discuss the case where we do not empty doubly
occupied sites (doublons). As shown below this scenario
is characterized by the rich interplay between contact in-
teractions and DDI in the s = 3 spin gas. The system
consists of a core of doublons surrounded by a shell of sin-
glons, following the ”wedding cake” atomic distribution
characteristic of a trapped Mott state [35]. We operate
also in this case at a B field (≃ 10 mG) much larger
than the critical field for spontaneous demagnetization
FIG. 4: Slow spin exchange dynamics due to dipole-dipole
interactions. The experimental evolution of different spin components
shows oscillations on a few ms time scale. Lines are results of fits to
the data with damped exponentials.
[27] that precludes any spin dynamics when atoms are
prepared in ms = −3. The state preparation at t=0 is
identical to the singlon case, and the subsequent spin
dynamics is illustrated in Figs. 2, 3, and 4) . At a
short time scale, we observe fast spin oscillations (Fig.3),
which damp in a few hundred µs. Then a second and
slower dynamics occurs (Fig. 4), showing two to three
spin oscillations with a period of about 3 ms. After these
oscillations are damped, we observe a slow drift of pop-
ulations similar to the case of singlons, as shown in Fig.
2. All the observed spin dynamics occurs at constant
magnetization.
The fast spin oscillations shown in Fig. 3 result from
on-site spin dependent contact interactions. For an iso-
lated site with two atoms, the eigenstates are character-
ized by a total spin S and spin projectionM along the B
field. A state of two atoms in ms = −2 in the same lat-
tice site constitutes a linear superposition of states with
M = −4 and S = 6 and 4,
√
6
11 |6,−4〉 −
√
5
11 |4,−4〉.
Thus a Rabi-like oscillation [36] is expected, with a period
corresponding to the beating of the two eigenfrequencies:
Tc =
h
n0|g6 − g4| (4)
where n0 =
∫
d3r|ψ0(r)|4, with ψ0(r) the on-site wave
function, and gS = 4pi
h¯2
m aS [37], with m the mass of
the atoms and aS the s-wave scattering length associated
with the scattering channel with total spin S. For the
data in Fig. 3, n0 ≃ 6.3 1020 m−3. Employing the values
of a6 and a4 from Ref. [38], we then obtain a theoretical
oscillation period Tc ≃ 320± (50) µs, in good agreement
with the period of the oscillations of the populations in
ms = −3,−2 shown in Fig. 3, 280 ± (30) µs. These
5results constitute the first observation of spin exchange
dynamics due to contact interactions in a s = 3 spinor
gas. Note that on-site spinor dynamics is much faster in
Chromium than in other spinor gases [36, 39], due to the
much larger difference between the scattering lengths of
the relevant collision channels. We also observe a much
stronger damping (of about 2 kHz) than in [36, 39]. The
full analysis of spin exchange oscillations due to contact
interactions will be the subject of a forthcoming paper.
At longer time scales (see Fig. 4) the observed spin os-
cillations present a characteristic frequency much smaller
than that of the short-time oscillations. To demonstrate
that these ms-scale oscillations and in general the long-
time spin dynamics result mostly from inter-site DDIs,
we have applied magnetic field gradients, ∆B, to our
sample. These gradients induce Zeeman energy shifts be-
tween adjacent sites. When these shifts are larger than
the non local interaction, inter-site spin dynamics is en-
ergetically forbidden. We apply a few G.cm−1 (note that
1 G.cm−1 corresponds to a Zeeman shift of ∆E = 70
Hz between two adjacent sites in our lattice). The mag-
netic field remains below the first resonance for dipolar
relaxation across the entire sample. The energy shifts as-
sociated to the magnetic field gradient lie also below the
excitation gap for the Mott state [33]. The effect of the
magnetic gradient on the amplitude of the spin dynam-
ics is shown in Fig. 5. We derive the amplitude of the
dynamics by fitting the ratio between the spin popula-
tions in −2 and −3 with an exponential, as shown in the
inset. We observe a strong suppression of the spin dy-
namics amplitude in presence of gradients, which shows
that the spin dynamics involves a non local coupling be-
tween atoms. The value of ∆B at which the amplitudes
significantly drop corresponds to ∆E/h of the same or-
der as the frequency of the oscillations shown in Fig. 4.
The small residual spin dynamics at large gradients can
be attributed to on site interactions.
Hence, spin dynamics at t> 1 ms result mostly from
inter-site DDIs. Moreover, as shown in Fig. 2, spin oscil-
lations at the ms timescale disappear when doublons are
removed. These observations provide a strong evidence
that the long-time spin oscillations are due to intersite
DDIs between doubly-occupied sites. Note that, interest-
ingly, doubly-occupied sites lead to stronger DDIs com-
pared to single 52Cr atoms, as pairs of atoms behave like
molecular Cr2 magnets with larger magnetic moments,
without the actual need of creating the molecules using
Feshbach resonances.
To qualitatively account for the role of the DDIs be-
tween doublons in the long-time spin oscillations, we have
developed a toy model consisting of two doubly-occupied
sites, for which 12 possible states may be dynamically
reached via inter-site DDIs for a preserved overall mag-
netization Mt = −8. We show in S3 that the total
spin S of a pair of particles in one site is not modified
by the interaction with other sites, which confirms that
FIG. 5: Effect of a magnetic gradient on the amplitude of
the slow spin dynamics. The inset shows fit of the data with an
exponential from which we deduce the amplitude (indicated by the
arrow) plotted in the main figure.
pairs of particles do behave like large spins S interact-
ing through long range DDIs. Starting with an initial
state |S = 6,M = −4〉 in both sites, our model qualita-
tively reproduces the shape of the oscillations shown in
Fig. 4: ms = −3 and ms = −2 oscillate out of phase,
ms = −1 shows almost no oscillation, and ms = 0 os-
cillate in phase with ms = −3 (see S3). Nevertheless
this toy model cannot reproduce the observed time scale
for the oscillations, as it only includes the interactions
between two sites, while each site is in fact coupled to
many (typically 6) sites due to the long range character
of DDIs. Our experiment shows that the frequency of
the spin oscillations is about 7 times faster than the one
predicted by the two site model. This indicates that a
much more elaborate many-body theoretical treatment
would be necessary to interpret this intriguing spin dy-
namics, with an interplay between short range physics
and long range interactions between many sites. We note
that our system may present similarities with the physics
of Frenkel excitons, which could be studied with polar
molecules, for which similar damped oscillations are pre-
dicted [40].
In conclusion, we have demonstrated for the first time
inter-site spin-exchange in a dipolar gas due to the long-
range character of the dipole-dipole interactions. Dipole-
induced spin-exchange, being much larger than that re-
sulting from super-exchange in non-dipolar gases in deep
optical lattices, opens fascinating perspectives for the
study of quantum magnetism with magnetic atoms. We
have in particular shown that a chromium lattice gas
6with maximally one atom per site presents purely inter-
site spin exchange, realizing a lattice model resembling
the t-J model of strongly-correlated electrons. We have
studied in addition the involved spinor dynamics result-
ing from doubly-occupied sites, which stems from the
interplay between spin-dependent contact and dipole-
dipole interactions. We have shown in particular that
fast short-time spin oscillations result from spin-changing
contact interactions, constituting the first observation of
these interactions in a s = 3 gas. In contrast, we have
demonstrated that longer-time coherent spin oscillations
are the result of inter-site spin-exchange between doubly-
occupied sites. Our experiment demonstrates hence not
only the potential of dipolar gases for the quantum sim-
ulation of lattice models, but also the intriguing physics
associated to lattice gases of large spin.
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Methods
Suppression of multiply-occupied sites In order to
work with sites occupied by a single atom, we use dipolar
relaxation at a B field large enough such that these in-
elastic collisions release enough energy to expel the atoms
out of the lattice. When the Larmor frequency is larger
than V0/h¯ (V0 being the lattice depth), we observe a non-
exponential loss dynamics: the atom number rapidly de-
creases in 10 ms before reaching a non-zero steady value
and then no loss are observed for tens of ms. Losses are
due to dipolar relaxation between atoms occupying the
same site and they stop when only single occupancy sites
remain.
Note added
After the completion of this manuscript, we have be-
come aware of a very recent preprint by the group of D.
Jin and J. Ye. This group reports on the observation
of intersite DDIs between pairs of dipolar heteronuclear
molecules trapped in an optical lattice, at low filling fac-
tors [41].
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Supplemental material
S1.Atomic state preparation
Principle To initiate the spin dynamics in our ex-
periment, we transfer the atoms from ms = −3 to
ms = −2 through an adiabatic Raman transfer. This
transfer is performed by ramping up a quadratic (i.e.
tensor) light shift which leads to a level crossing between
states ms = −3 and ms = −2, above which ms = −2 is
the Zeeman ground state. A weak two photon coupling
between ms = −3 and ms = −2 ensures the transfer.
When the Zeeman levels are equally spaced it is not
possible to isolate a two-level system, and state prepara-
tion in a well defined Zeeman state is difficult (apart from
fully stretched Zeeman states). As there is no hyper-
fine structure for 52Cr, we rely on quadratic light shifts
(QLS, i.e. energy shifts equal to q × m2S) arising from
the tensorial nature of atom-light coupling, to break the
linear Zeeman energy ordering. Significant QLS can be
obtained with a laser beam close to an atomic transi-
tion. We use a 427.85 nm laser, red detuned from the
7S3 →7 P3 transition at 427.6 nm. Then calculations
show (see for example [2]) that the light shifts of the
Zeeman states are almost purely quadratic (the linear
part is almost suppressed) with a σ− polarized light. For
a 1/e2 radius Gaussian beam of 100 µm, and a power of
40 mW, we estimate q = 10 kHz. A degeneracy between
states ms = −3 and ms = −2 is obtained for q = 8 kHz
at a Larmor frequency 2gSµB/h = 40 kHz.
An efficient transfer from ms = −3 to ms = −2
is provided by a two photon Raman transition, if the
laser contains a small admixture of pi light. For ex-
ample for an intensity percentage of pi light p =
0.3% (corresponding to an angle between the laser
beam propagation axis and the direction of the B field
equal to 4◦), we obtain a Raman frequency ΩR =√
p γ
2
4∆s0 〈3,−3; 1, 0|3,−3 〉〈 3,−2; 1,−1 |3,−3〉 = 2pi × 20
kHz (with γ = 3.07× 107s−1 the linewidth of state 7P3,
∆ the detuning relative to 7P3, 〈j1,mj1; j2,mj2|J,MJ 〉
are Clebsch -Gordan coefficients, and s0 =
IL
Isat
: IL is the
maximal laser intensity, Isat = 82 W.m
−2).
In practice, we linearly ramp the laser power in 1.5
ms from zero to the maximal power, thus adiabatically
transferring the atomic population to ms = −2. We then
abruptly reduce the power to zero (in about 1 µs) to
produce an excited (Zeeman) state from which we ob-
serve spin dynamics. The photon scattering rate from
ms = −2 is evaluated to 3.s−1 for σ− polarization, so that
photon scattering is negligible for ramps shorter than a
few ms.
Performance and Reversibility We show in Fig.
6 the influence of the ramp duration on the performance
8of the adiabatic transfer. The transfer to ms = −2 is
efficient provided that the ramp is longer than 1 ms, to
ensure adiabaticity, and no longer than 10 ms, to pre-
vent significant photon scattering. We recover the initial
atomic population in ms = −3 for a 1 to 5 ms long sym-
metric ramp, which proves adiabaticity.
FIG. 6: Characterization of the adiabaticity of the Raman
preparation. We show absorption images of the atomic sample after
Stern Gerlach separation of the Zeeman components following (left) a
non symmetric (with fast return to zero) and (right) a symmetric ramp
of the laser power. Provided an adequate duration for the ramp, we can
obtain in the first case an excited atomic sample with most (> 80%) of
the atoms transferred in ms = −2 , while in the second case we recover
a full polarized sample in ms = −3. The bottom curve shows the final
population in ms = −3 after the symmetric ramp as a function of the
ramp duration t: for t < 1 ms, the ramp is too fast and the transfer
in ms = −2 is not adiabatic; for t > 10 ms, photons can be scattered,
which alters the final state.
Effect of a transverse magnetic field In order
to confirm the validity of the Raman model to interpret
the state preparation, we have studied the influence of
the angle θ between the laser beam and the B field. We
plot on Fig. 7 the fractional population transferred in
ms = −3,−2,−1 at the end of the ramp, as a func-
tion of a B field component orthogonal to the laser Bx.
We kept the longitudinal component of the B field Bz
constant (with a corresponding Larmor frequency of 15
kHz). The laser power and wavelength were respectively
45 mW and 427.9 nm; the linear laser power ramp was
1.5 ms. We find a good agreement between experiment
results and our calculations provided a constant non zero
transverse component along the y axis, By = 5 kHz. For
the experimental parameters of this study, the Raman
ramp intensity is strong enough that some population is
FIG. 7: Test of the validity of the Raman model. We plot
the final population in ms = −1,−2,−3 as a function of a transverse
componentBx of the magnetic field, for a given value of the longitudinal
component (Bz=15 kHz). Points: experimental results. Full lines:
results of the calculations of our Raman model, assuming By = 5 kHz.
transferred as well to ms = −1.
S2.Description of the plaquette simulation for singlons
As mentioned in the main text, the spinor dynamics for
the case of maximally one atom per site (singlon gas) may
be described using a t-J-like model. In this section, we
discuss in more details some relevant issues concerning
this model and its numerical simulation.
FIG. 8: Schematics of the t − J model. We show in this picture
the different parameters included in our plaquette model. Our system
realizes in practice an anisotropic t− J model.
The coupling constants Vij between two sites i and j
in Eq. (3) of the paper depend on the vector separating
both sites, λ2n, with n = (nz, nx), and may be evalu-
ated assuming a Gaussian dependence of the on-site wave
function
ψ0(r) =
1
pi3/4
√
lxlylz
e−x
2/2l2xe−y
2/2l2ye−z
2/2l2z (5)
where lj =
√
h¯/mωLj , with ω
L
j the effective on-site os-
cillator frequency in the j = x, y, z direction. Working
in momentum space, using convolution theorem and em-
9ploying the Fourier transform of the dipole-dipole inter-
action the coupling constant acquires the form
Vn = U0
∫
d3q
(2pi)3
4pi
3
(
3q2z
q2
− 1
)
ei(qxnx+qznz)
× e−
q2xL
2
x
2 −
q2yL
2
y
2 −
q2zL
2
z
2 , (6)
with Lj = lj/(λ/2), and U0 =
µ0µ
2
B
pi(λ/2)3 ≃ 2.8Hz in our
experiment. For the lattice employed for the experiments
depicted in Fig. 2 of the paper we obtain V(0,1)/U0 =
0.770, V(1,0)/U0 = −1.823, and V(1,1)/U0 = −0.114. Due
to periodic boundary conditions we just consider these
three interactions in our 3×3 plaquette calculations, but
in general these are of course the most relevant ones.
Note that neglecting the spatial extension of the on-site
wave functions would have resulted in 1, −2 and −0.177,
respectively. The finite width of the on-site wave function
hence leads to a significant direction-dependent reduction
of the inter-site interaction.
We simulate the exact quantum dynamics given by the
Hamiltonian of Eq. (3) of the paper in a 3×3 plaquette by
means of the fourth-order Runge-Kutta method employ-
ing periodic boundary conditions. Note that fluctuations
play a crucial role in the spinor dynamics, precluding the
use of mean-field calculations based on e.g. a dynami-
cal Gutzwiller Ansatz. The main reason is the crucial
role played by the inter-site Ising (SzSz) interactions in
reducing the effective spin-changing collision rate. This
may be easily understood as follows. A spin-changing col-
lision results in a transition between a given initial many-
body state and a final one. Although the two states just
differ in the spin state at two sites, the energy result-
ing from Ising interactions with neighboring sites may
be quite different. This energy difference may be larger
than the spin-exchange rate, and hence may handicap the
spin-exchange. Note that due to the non-local character
of Ising interactions, the energy difference between many-
body states linked by a spin exchange crucially depends
on the particular spin configuration of neighboring sites.
This crucial effect is lost in mean-field-like treatments,
based on a Gutzwiller ansatz for the many-body state,
|ψ〉 = ⊗j |ψj〉, with |ψj〉 = aj |hole〉+
∑
ms
fms,j |ms〉. We
have checked that, as expected from the previous discus-
sion, a dynamical Gutzwiller ansatz calculation leads to
a much faster spinor dynamics as that observed in our
experiments. The time scale of the spinor dynamics is
on the contrary well recovered by the exact calculations,
as shown in Fig. 2 of the paper, demonstrating that the
dynamics is crucially determined by inherently quantum
many-body effects.
S3. Two-site model for the spin dynamics of doubly-
occupied sites As mentioned in the paper, slow spin
oscillations in a time scale of few ms are due to spin-
exchange between doubly occupied sites. In this section
F1 F2 F3 F4
|6,−2〉 |6,−6〉 |4,−2〉 |6,−6〉
|6,−3〉 |6,−5〉 |4,−3〉 |6,−5〉
|6,−4〉 |6,−4〉 |6,−4〉 |4,−4〉 |4,−4〉 |6,−4〉 |4,−4〉 |4,−4〉
|6,−5〉 |6,−3〉 |6,−5〉 |4,−3〉
|6,−6〉 |6,−2〉 |6,−6〉 |4,−2〉
TABLE I: The 12 two-sites states forming 4 independent sub-
spaces. |SL,ML〉|SR,MR〉 indicate the spin state in the left
and right site.
we discuss in more detail a simplified model describing
these oscillations.
We consider two doubly-occupied sites. Isolated
doubly-occupied sites are characterized by two-body
molecular eigenstates, |S,M〉, with a given total spin
S and spin projection M along the B field, with cor-
responding eigenenergies ES,M = 2µBBM + gSn0 +
V(0,0)CS,M , where CS,M = 〈S,M |Fˆ (Sˆ1, Sˆ2)|S,M〉, with
Fˆ (Sˆ1, Sˆ2) = Sˆ
z
1 Sˆ
z
2 − 14 (Sˆ+1 Sˆ−2 + Sˆ−1 Sˆ+2 ) . For the parame-
ters of Fig. 4 of the paper, V(0,0)/h ≃ 52 Hz. Considering
states with S = 6 and S = 4, the largest on-site dipo-
lar shift, 470 Hz, is experienced by |6,−6〉. Note hence
that ES,M is overwhelmingly determined by the on-site
interactions (∼ 10 kHz).
Starting with molecular states |6,−4〉 and |4,−4〉,
spin-exchange may result in 12 possible two-site states
|SL,ML〉 ⊗ |SR,MR〉, which may be sub-divided into
4 families characterized by the value of SL = 6, 4
and SR = 6, 4 (see Table I). Interestingly, inter-site
DDI only couple states within each family, i.e. pairs
of atoms at one site behave like true large S = 6
or S = 4 spins interacting through DDIs. The
Hamiltonian matrix is hence block-diagonal of the form
VI〈SL,ML;SR,MR|F (SˆL, SˆR)|SL,M ′L;SR,M ′R〉. The
largest coupling, −6.4VI , links the state |6,−4〉⊗ |6,−4〉
with |6,−5〉 ⊗ |6,−3〉.
In principle, as mentioned above, the coupling constant
VI depends on the relative orientation between the two
sites and the magnetic field. An effective value of VI for
a two-site model may be obtained from first-order time-
dependent perturbation theory. At short times the initial
many-body state is independently coupled to orthogonal
many-body states through pairwise interactions. Match-
ing the time-dependence of the population at a given site
with that obtained from the two-site model, we get an
effective VI =
√∑
n 6=(0,0) V
2
n . For our lattice we ob-
tain VI ≃ 2.7 d24pi(λ/2)3 . Figure 9 shows the results of
the effective two-site model. Although the qualitative
behavior of the populations matches well the dynamics
observed in the experiment (see Fig 4 of the article),
the experimental time scale is about 2.5 times faster,
showing that the exact dynamics observed in the experi-
ment, although related to spin-exchange between doubly-
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occupied sites, cannot be recovered by a simple two-site
model. A more refined many-body theoretical treatment
would be needed to match our observations. We note that
if one scales the typical timescale of the singlon dynamics
calculated within the exact diagonalization method de-
scribed in S2 (15 ms) to a 4 times faster spin dynamics
(due to DDIs between doubly occupied sites), one finds a
time scale of 4 ms which matches the observed timescale.
FIG. 9: Results of our toy model for the intersite spin dy-
namics of doublons. The initial state is a pure molecular state
(S = 6,M = −4).
S4.Measurement of the quadratic light shift (QLS) dur-
ing the spin evolution
As mentioned in the main text, our system presents
a residual QLS, which may significantly handicap inter-
site spin-exchange. This residual QLS may result both
from the 532 nm lattice beams and the 1075 nm trapping
beam. For these far detuned lasers from any resonances
from the ground state, non negligible QLS can arise from
small mismatches between the fluorescence rates of states
belonging to the same fine structure [2].
Calculations cannot provide a reliable estimate of the
QLS, as they are very sensitive to spectroscopic data.
Indeed, calculations based on NIST data [2] predict a
QLS of 1 kHz for a 532 nm laser, pi polarized, with an
intensity corresponding to a lattice depth of 25 ER. On
the other hand using more recent spectroscopic data [3]
we obtain for the same laser parameters QLS=(100±400)
Hz.
To measure the residual QLS we apply to the atomic
sample polarized in ms = −3 at a magnetic field corre-
sponding to a Larmor frequency of 30 kHz, a symmetric
Radio Frequency (RF) interferometric sequence consist-
ing of a pi/2 pulse, a waiting time T , a pi pulse, a second
waiting time T , and a final pi/2 pulse. This spin-echo
technique allows to cancel inhomogeneous magnetic field
effects. For a small detuning of the RF frequency with
respect to the Larmor frequency, the atoms remain in
ms = −3 in absence of QLS. In contrast, in presence of
QLS, the final population in ms = −3 decreases to zero
FIG. 10: Interferometric measurement of the residual
quadratic light shift. The final population in ms = −3 is plot-
ted as a function of the duration T of the interferometric sequence.
Red traingles: experiment. Full lines: results of simulation for three
different QLS.
for a value of T scaling as the inverse of the QLS. In
Fig. 10 we depict the final population in ms = −3 as
a function of T , comparing the results with our calcu-
lations for three different values of the QLS. From these
interferometric results we estimate an upper value for the
QLS, q < 25 Hz.
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